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1. Introduction
The invention of a molecular device that permits
the cleavage of water into molecular oxygen and
metabolically bound hydrogen by solar radiation is
of paramount importance for the energetics of the
whole biosphere. This event which occurred about
2^3 billion years ago had two consequences of cru-
cial relevance: (i) the huge water pool on the Earth’s
surface became available as hydrogen source and (ii)
the formation of O2 as ‘waste’ product of photosyn-
thesis led to the present day aerobic atmosphere and
consequently led to formation of the essential pro-
tective ozone layer to solar UV-B irradiation. The
advent of O2 in the atmosphere made way for
much more (factor of v 10) e⁄cient exploitation of
the Gibbs energy of food through aerobic respiration
in heterotrophic organisms (for a review, see [1]).
In the light of its pivotal role for the bioenergetics
of all higher forms of living matter, the unravelling
of the ‘secrets’ of photosynthetic water cleavage is a
most important and exciting challenge of basic re-
search. However, in addition it o¡ers the hopeful
idea that the underlying principles of the natural sys-
tem as a masterpiece can inspire the construction of
biomimetic devices that eventually permit e⁄cient
solar energy exploitation to satisfy the increasing
Gibbs energy demand of mankind’s civilization with-
out the burden of technologies that give rise to seri-
ous pollution of the atmosphere and/or the produc-
tion of dangerous waste material like radioactive
substances.
2. General functional pattern and structural
organization of photosynthetic water cleavage
Photosynthetic water cleavage takes place in a
multimeric protein complex referred to as photosys-
tem II (PSII) which is anisotropically incorporated
into the thylakoid membrane and functions as a
water-plastoquinone-oxidoreductase.
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The overall reaction of PSII summarized by:
2PQ 2H2Oÿ!4hX 2PQH2 O2 1
comprises three di¡erent types of reaction sequences.
(a) Light induced generation of highly oxidizing
and moderately reducing redox equivalents in the
form of a su⁄ciently stabilized radical ion pair
P680Q3A :
P680PheoQAÿ!hX P680 Pheo3QAÿ!kstab P680PheoQ3A
2a
where P680 is the photoactive chlorophyll-a (Chl-a)
component, Pheo is the primary acceptor pheophytin
and QA is a noncovalently bound plastoquinone-9
molecule (for a review, see [2]). This reaction is ki-
netically limited by kstab that was found to be about
(300 ps)31 [3].
(b) Formation of PQH2 via a sequence of two one-
electron transfer steps energetically driven by Q3A as
reductant:
PQ 2Q3A  2Hstroma ! PQH2 2b
where PQ is a PQ-9 molecule bound to a special
protein pocket (QB site), and Hstroma symbolizes the
coupled proton uptake from the stroma side (for re-
views, see [4,5])
(c) Water oxidation to molecular oxygen accompa-
nied by proton release into the lumen (Hlumen) :
2H2O 4k! O2  4Hlumen 2c
where k represents the oxidizing redox equivalents.
This process is catalyzed by a manganese containing
operational unit designated as the water oxidizing
complex (WOC).
The reaction pattern of ‘stable’ charge separation
(Eq. 2a) and PQH2 formation (Eq. 2b) is not speci¢c
for oxygen evolving organisms and resembles the
corresponding features of anoxygenic purple bacte-
ria. Likewise, the arrangement of the cofactors P680,
Pheo, QA and QB is not signi¢cantly di¡erent in both
types of organisms. In marked contrast, the reaction
sequence of the WOC (2c) is unique for all oxygen
evolving organisms. The aim of the present review
article is a two-fold one: (a) to summarize brie£y
our current knowledge on the nature of the latter
process and (b) to discuss unresolved key problems
of its mechanism.
The general features of the structural and func-
tional organization of PSII are schematically summa-
rized in Fig. 1. Until recently, a high resolution struc-
ture based on X-ray crystallography was not
available. However, invaluable information on the
array of relevant cofactors within the protein matrix
could be gathered by essentially using two ap-
proaches: (i) modelling based on the well resolved
structure of the reaction centers of purple bacteria
(see [6] and references therein) and striking similar-
ities to the functional organization of reaction se-
quences (2a) and (2b) in PSII and (ii) evaluation of
suitable spectroscopic data. Fig. 1, top left, shows an
illustration mainly based on the former approach.
Fig. 1, top right, compiles relevant results recently
obtained from the latter methodology [7^13]. It was
found that the spin state center distance between
radicals P680 and Q3A is only slightly shorter
(about 1 Aî ) than that of the corresponding cofactors
in purple bacteria ([7] and references therein) thus
con¢rming the expected structural similarities. Also
shown are distances between cofactors that are rele-
vant for reaction sequence (2c), i.e. P680, YZ (redox
active tyrosine of polypeptide D1 of PSII), and the
tetranuclear manganese cluster (Mn)4 of the WOC.
The implication of this data will be discussed in re-
lation to the mechanism of water oxidation (vide
infra).
3. Reaction scheme of water oxidation in PSII:
kinetics and energetics
The formation of molecular oxygen in the WOC
requires the abstraction of four electrons and pro-
tons from two water molecules. Each light induced
charge separation generates, however, only a single
oxidizing redox equivalent in the form of P680.
Accordingly, the cooperation of four elementary
charge separation steps is indispensable for oxidative
water cleavage (see Eq. 2c). The mode of this coop-
eration has been unambiguously resolved by mea-
surements of the oxygen release that are induced by
the excitation of dark adapted samples with a train
of single turnover £ashes. The results obtained reveal
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that reaction (2c) comprises a sequence of four oxi-
dation steps, referred to as the Kok cycle (for a re-
view, see [14]), that is energetically driven by the
strongly oxidizing cation radical P680. YZ acts as
a functional link for the transfer of oxidizing equiv-
alents from P680 to the WOC (for a review, see
[15]). Fig. 1, bottom left, summarizes the reaction
sequence. The redox states of the WOC are symbol-
ized by Si where i represents the number of stored
redox equivalents. S0 is the lowest oxidation state
under normal turnover conditions, while S3i (i = 1,
T, 3) are ‘superreduced’ states that are attained inter
alia via reactions with exogenous reductants like
NH2OH or NH2NH2 (see [16] and references there-
in). The latter states might be transient intermediates
of photoactivation (Section 4.2).
Details on the energetics and kinetics of individual
redox steps of this scheme have been resolved (for
reviews, see [15,17,18]). Kinetic data can be directly
obtained from measurements using polarographic
and time resolved spectroscopic methods. On the
other hand, information on the energetics of these
reactions are mostly indirectly gathered from kinetic
measurements because a direct determination via re-
dox titrations is hampered by deleterious e¡ects on
the biological material that emerge at redox condi-
tions required for chemical oxidation of P680, YZ
and the WOC. A word of caution should be added
when discussing the thermodynamics of an enzymatic
process. In a strict sense all Gibbs energy data, i.e.
the reduction potentials of the reactants in a redox
process, are time independent equilibrium values that
depend on the nature of the cofactors and their en-
vironment. In enzymes the latter parameter can grad-
Fig. 1. Structural and functional organization of photosynthetic water oxidation. Top left, an illustration of the PSII complex (modi-
¢ed version of Fig. 2 in [79]) ; top right, information on distances (in Aî ) between important cofactors (for details see text) ; the overall
functional scheme is shown on the bottom left (modi¢ed Fig. 1 of [142]) ; bottom right, an extended version of two alternative arrays
(‘distorted cubane’ versus ‘Dangler’ geometry) of the tetranuclear manganese cluster (modi¢ed versions of [42,43]).
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ually change by relaxation processes of the protein
matrix. This has been shown for the reaction centers
of anoxygenic purple bacteria (see [19] and references
therein). Therefore, it is more appropriate to use the
term ‘working’ reduction potential. An example for
time dependent ‘working’ potentials in PSII is prob-
ably the redox gap between P680 and YZ (see Section
5.1). Likewise, the unusual redox properties of P680
have been recently speculated to be time dependent
[20].
Table 1 compiles data reported for Gibbs energy
changes and half lifetimes at physiological conditions
(temperature, pH). An inspection of this data reveals
that the kinetics of the di¡erent reactions cover a
rather wide time range of more than 10 orders of
magnitude. Another striking feature is the multipha-
sic kinetics for P680 reduction by YZ and their
marked dependency on the redox state Si of the
WOC. This pattern is indicative for both the role
of relaxation processes in the protein matrix and a
marked functional coupling of the YZ reactivity with
the properties of the WOC. The possible mechanistic
implications will be outlined in Section 5.1.
When considering the energetics of the Kok cycle
it is important to note that the reduction potential of
P680 is the maximum driving force that is available
for oxidative water cleavage. So far its value could
not be directly determined via redox titrations (vide
supra) but reliable indirect estimations indicate that
the ‘working’ reduction potential is about +1.1 V
[32,33]. This value is unusually high for Chl-a mole-
cules and therefore a special microenvironment is
indispensable to achieve the very high oxidative
power of P680 [34]. The minimum driving force
that is required for reversible water oxidation at neu-
tral pH is +0.81 V per electron. An even higher value
emerges when taking into account that the thylakoid
lumen becomes acidi¢ed down to about pH 5 under
natural illumination conditions [35]. At present, the
details of the proton gradient within the thylakoid
membrane are not clari¢ed. Therefore, the minimum
‘working’ pH of the WOC is not known precisely but
when using values near pH 5 a minimum driving
force of about +0.9 V has to be considered. These
basic thermodynamic considerations reveal that a
delicate balance between driving forces and direc-
tionality of the overall process is required to enable
e⁄cient water oxidation to O2 in photosynthesis
(vide infra). The vG0 values of Table 1 clearly
show that this goal is almost perfectly achieved
and that the energetics of the reaction YoxZ SiC
YZSi134N i3 +Ni3O2 (Ni3 = 1 for i = 3, otherwise zero)
Table 1
Gibbs energy changes, vG0, and half lifetimes, t1=2, of P680 reduction by YZ and redox transitions in the WOC induced by YoxZ , Y
ox
D
and YD (redox active tyrosine of polypeptide D2 of PSII) at 20‡C and pH 7 in PSII membrane fragments from spinach
Reaction Redox state WOC
S0 S1 S2 S3
vG0 (meV) t1=2 vG0 (meV) t1=2 vG0 (meV) t1=2 vG0 (meV) t1=2
P680YZCP680YoxZ a V350 20 ns
(Ws)
V350 20 ns
(Ws)
V325 50 ns,
250 ns (Ws)
V325 50 ns,
250 ns (Ws)
YoxZ SiCYZSi134Ni3+Ni3O
b
2 3250 (30 Ws)
e 355 100 Ws 340 250 Ws 3100 1.3 ms
YoxD S0CYDS
c
1 s350 10 min ^ ^ ^ ^ ^ ^
YDSi1CYoxD S
d
i ^ ^ ^ ^ V3200 10 s V3200 7 s
vG0 and the redox gap vEm are interrelated by vG0 =3nFvEm, where F = Faraday constant, n = number of redox equivalents and
vEm = di¡erence of midpoint potentials. This relation does not comprise di¡erences in the electric potential at the sites of the reacting
redox groups.
avG0 values taken from [21], the kinetics are multiphasic, only data for the ns kinetics taken from [22,23] are presented, the Ws ki-
netics symbolized by (Ws) are discussed in the text.
bFor the sake of simplicity the protolytic reactions are omitted because they involve the protein matrix (see text), Ni3 = 1 for i = 3, oth-
erwise zero; vG0 values calculated from data reported in [24,25], the t1=2 values are from [26,27]
cvG0 values calculated on the basis of the reduction potential of YD [29], t1=2 taken from [30]
dvG0 values calculated on the basis of the reduction potential of YD [29], t1=2 values taken from [31]
eControversies exist for the oxidation rate of S0 by YZ (see [27,28]) and therefore the value is placed between brackets.
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drastically di¡ers from that of water oxidation in
solution as outlined in several reports [36^38].
When taking into account the severe energetic con-
straints of photosynthetic water oxidation it is most
surprising that according to the data of Table 1 a
rather signi¢cant loss of redox energy (V250 meV)
is coupled with the S0CS1 transition. The origin and
physiological relevance of this striking feature is not
yet clari¢ed [39].
A deeper understanding of the mechanism of pho-
tosynthetic water oxidation requires resolution of the
following points: (i) the electronic con¢guration and
nuclear geometry of the di¡erent Si states of the
WOC, (ii) the coupling of dynamic structural
changes with the redox transitions, (iii) the mode of
hydrogen abstraction from water and the formation
of the O^O bond and (iv) the pathways of substrate
(water) entry and product (O2) release.
A summary of our current knowledge on these
points and proposals for unresolved questions will
be presented in the following sections.
4. Electronic con¢guration and nuclear geometry of
the di¡erent Si states of the WOC
It is now well established that the WOC contains
four manganese cations (for reviews see [15,18]). The
prerequisite for any reliable discussion on the nuclear
geometry of the Si states in the WOC is a high res-
olution structure of the tetranuclear manganese clus-
ter and its environment. This problem is not fully
resolved and some critical points are still open to
discussion (vide infra).
4.1. Static structure of the manganese cluster in redox
states Si
Information on the possible arrangements of man-
ganese and on the ¢rst coordination sphere were
gathered from extended X-ray absorption ¢ne struc-
ture (EXAFS) measurements (see [40] and references
therein). The data obtained are consistent with di¡er-
ent possibilities for the geometry of a tetranuclear
cluster [41]. Taking into account the EXAFS results,
detailed theoretical simulation analyses of S2 electron
paramagnetic resonance (EPR) and electron spin
echo-electron nuclear double resonance (ESE-EN-
DOR) spectra led to the proposal of models [42,43]
that are shown in Fig. 1, bottom right. It has to be
emphasized that these are not ‘proven’ structures. An
unambiguous conclusion concerning the array of the
four manganese centers of the WOC can only be
achieved when an X-ray structure of su⁄ciently
high resolution is obtainable. At our current state
of knowledge it appears likely that the often used
‘dimer of dimers’ model [40] does not re£ect the
real structure [42,43]. Apart from the exact structure
it seems clear that a Ca2 is bound in the vicinity of
the manganese cluster (at a distance of about 3.4 Aî
[40]) probably linked via a carboxylate bridge [44].
Recent EXAFS studies reveal that the manganese
distances are virtually the same in S1 and S2 while
in S0 the MnmMn distance between two di-W-oxo
bridged manganese is lengthened to about 2.85 Aî
[45]. In marked contrast to these minor e¡ects, strik-
ing structural changes are observed upon formation
of the S3 state. In this redox state of the WOC the
whole cluster is expanded: one MnmMn distance in a
di-W-oxo bridged entity increases from 2.7 to about
3.0 Aî , the other from 2.7 to 2.8 Aî and the greater
distance of 3.3 increases to 3.4 Aî [46]. The possible
functional relevance of this signi¢cant structural
change coupled with the S2CS3 transition will be
outlined in relation to mechanistic considerations
(Section 5.3).
An important and unique feature is the endergonic
assembly of the WOC. In a large number of metal-
loenzymes the functional metal center can be revers-
ibly removed and reinserted or even replaced by oth-
er metal ions (see textbooks on metal enzymes, e.g.
[47]). There exist several mild treatments that permit
the removal of the manganese without severe de-
struction of the protein matrix [15,48] but the religa-
tion to a functionally competent WOC necessarily
requires a light driven multistep process designated
photoactivation (see [49] and references therein). This
endergonic process indicates that the WOC itself rep-
resents a nonequilibrium state and therefore this unit
is basically di¡erent from all synthetic multinuclear
clusters that are spontaneously formed in solution.
As a corollary of this unique property the manganese
cluster has to be su⁄ciently stabilized (see Section
4.2). Furthermore, the question arises as to what ex-
tent results obtained with model complexes mimic
the reactivity of the WOC (see also Section 5.3).
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4.2. Ligand structure and polypeptide matrix
In addition to W-oxo bridges generally three types
of ligands have to be considered for the manganese
coordination: K, substrate molecules (H2O, OH3,
manganyl oxygen); L, cofactors like chloride (one
terminal Cl3 ligand is shown in the structural model
presented in [40] but still remains to be unambigu-
ously identi¢ed) and/or possibly bicarbonate [50];
and Q, amino acid residues of the surrounding pro-
tein matrix.
The ligands of type K and L will be further dis-
cussed in relation with the mechanism. Here only our
current stage of knowledge on the nature of type Q
ligands is brie£y summarized. EXAFS data indicate
that C, N and/or O atoms form the ¢rst coordination
sphere [40], i.e. Glu, Asp and His residues are the
most potential candidates. Independent lines of evi-
dence for carboxylate ligands were gathered from
analyses of Fourier transform infrared spectroscopy
(FTIR) di¡erence spectra of S2/S1 [51,52]. Likewise,
experimental support for a His ligand is provided by
ESE envelope modulation [53] and FTIR studies
[54]. It has been emphasized by Babcock et al. that
electroneutrality is a general feature of protein bound
metal centers. Based on this idea and reasonable as-
sumptions on the manganese valence state in S1 (see
Table 3) and the number of W-oxo groups, four car-
boxylates (Glu, Asp) were inferred to be involved in
the coordination of the tetranuclear manganese clus-
ter [55].
It is a widely accepted paradigm that the hetero-
dimer of polypeptides D1 and D2 which binds all
cofactors of reactions (2a) and (2b) also houses the
WOC. Accordingly, a systematic screening was per-
formed of mutants where speci¢c Asp, Glu and His
residues are replaced by other amino acids through
site directed mutagenesis. Asp-170, His-332, Glu-333,
His-337 and Asp-342 of polypeptide D1 and its C-
terminus (Ala 344) were inferred to be the most likely
candidates as manganese ligands [56,57]. However, it
has to be emphasized that data gathered from mu-
tants do not necessarily permit unambiguous conclu-
sions. First, the above mentioned residues are not
only potential ligands of metal centers but can also
be essential members of hydrogen bond networks
(HBNs) of functional relevance as outlined in [58].
Accordingly, it is di⁄cult to decide whether a mal-
function of the WOC induced by a particular muta-
genesis originates from changes of manganese liga-
tion and/or interruption of an essential HBN. A
second important point is the ¢nding that genetic
modi¢cations in other polypeptide constituents of
the PSII core can also lead to drastic and speci¢c
e¡ects. In this context, CP47 (Chl-a containing in-
trinsic protein of PSII) with its large lumen exposed
loop E has been thoroughly studied and signi¢cant
modi¢cations revealed [59^63]. Likewise, mutagene-
sis of the corresponding loop in CP43 (also a Chl-a
containing intrinsic protein of PSII) also gives rise to
marked activity changes. In this respect, the most
striking feature is the complete loss of a stable PSII
after replacement of only a single glutamic acid res-
idue by glutamine in mutant E352Q of CP43 [64]. A
critical review of all data available leads to the con-
clusion that D1 polypeptide plays a pivotal role in
ligation of the tetranuclear manganese cluster but it
is premature to ignore the possible participation of
other polypeptides.
Apart from the above mentioned amino acid resi-
dues of polypeptide D1 that are discussed as poten-
tial ligands of manganese, the mode of action of the
redox active tyrosine residue Y161 is of central rele-
vance for unraveling the mechanism of photosyn-
thetic water cleavage (see Section 5.2). For consider-
ation of functional consequences of the nature of
manganese ligation to the protein matrix three points
have to be taken into account: (a) the mode of redox
potential tuning, (b) the coordination number and (c)
the role of dynamic structural changes.
The thermodynamic constraints of water oxidation
require a ¢ne tuning of the redox properties (see
Section 3). It is therefore conceivable that the protein
matrix is actively involved in steering the energetics
during the Kok cycle. In recent studies the inherent
possibilities of redox potential modulation by the
protein matrix has been clearly illustrated for di¡er-
ent enzymes containing Fe4S4 clusters [65,66]. Ac-
cordingly, an asymmetric protein environment can
give rise to intrinsic heterogeneity of the energetics
and reactivity of redox transitions at each manganese
of the tetranuclear cluster as outlined in [67]. There
exist various lines of evidence for quite di¡erent
properties of the manganese centers in the WOC
(see [34,67] and references therein). A direct role of
the protein environment for the redox properties of
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the Si states in the WOC has been recently inferred
for polypeptide D1 on the basis of site directed mu-
tagenesis experiments in Synechocystis PCC 6803.
Replacement of Asp 59 and/or 61 by other residues
gives rise to changes of the kinetics of redox transi-
tions that are explained by reduction potential shifts
of a few tens of mV for S2 and S3 [68,69]. In addition
to ‘static’ phenomena the dynamics of the protein
matrix can modulate the redox properties in a time
dependent manner thereby steering reaction coordi-
nates. This mode of ¢ne tuning is most likely impor-
tant for the reaction pathway, especially the forma-
tion of the essential O^O bond, the coupling of
electron and proton transfer and the substrate/prod-
uct transport (see Section 5.3). The functional role of
conformational changes for photosynthetic redox re-
actions has been directly shown for the QB reduction
by Q3A in purple bacteria [70] and indirectly for the
corresponding reaction in PSII [71,72]. At lower tem-
peratures the protein £exibility ‘freezes’ and electron
transfer is prevented [72]. Analogously, the oxidation
steps in the WOC were found to be blocked within a
comparatively narrow range of vT= 20^40‡ around a
freezing temperature TF;i where the reaction is inhib-
ited by 50%. The TF;i values exhibit a characteristic
dependence on the redox state Si in thylakoids [73]
PSII membrane fragments [74] and PSII core com-
plexes [75] as shown in Table 2. This ¢nding is a
strong hint for indispensable coupling of redox reac-
tions in the WOC with protein dynamics.
In addition to the intrinsic protein(s) involved in
binding of the manganese cluster, the WOC is stabi-
lized by the extrinsic 33 kDa PsbO protein that is
present in all oxygen evolving organisms. After its
removal, the manganese cluster is destabilized. The
retention of all four manganese and of the oxygen
evolution (although at markedly reduced rate) re-
quires the presence of a comparatively high Ca2
and/or Cl3 concentration (for a review see [76]). In
connection with its function as ‘manganese stabiliz-
ing protein’ it might also be involved in the regula-
tion of substrate and/or product transport pathways.
In addition to the conserved PsbO protein, the native
PSII complex contains further extrinsic subunits that
are di¡erent in their structure and encoded by genes
psbU and psbV in cyanobacteria/red algae [77,78] and
Table 2
Activation energies, EA;i, and temperatures of thermal freezing, TF;i, of the oxidation steps in the WOC in Cyanobacteria (Synechococ-
cus vuleanus Copeland) and PSII membrane fragments and PSII core complexes from spinach
Reaction Cyanobacteria Higher plants (spinach)
membrane fragments core complexes
EA;i (kJ/mol)a TF;i (‡C)b EA;i (kJ/mol)c TF;i (‡C)d EA;i (kJ/mol)e TF;i (‡C)f
YoxZ S0CYZS1 n.d. n.d. 5 V350 n.d. n.d.
YoxZ S1CYZS2 9.6 390 12.0 V3135 14.8 V3100
YoxZ S2CYZS3 26.8 316 36.0 V345 35.0 V350
YoxZ S3CYZS0+O2 ^ 310 ^ V340 ^ n.d.
TsTc 15.5 ^ 20.0 ^ 21.0 ^
T6Tc 59.4 ^ 46.0 ^ 67.0 ^
Characteristic Tc (‡C) +16 ^ +6 ^ +11 ^
Extrinsic proteins PSII-O PSII-O PSII-O
PSII-V PSII-P
PSII-U PSII-Q
The TF;i represents the temperature where a particular redox step is blocked by 50%.
aValues taken from [131].
bValues taken from [73].
cValues taken from [26].
dValues taken from [74].
eValues taken from [132].
f Values taken from [75], for spinach thylakoids values of 395‡C (S1CS2), 350‡C (S2CS3) and 323‡C (S3CS0+O2) are reported
[73].
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psbP/psbQ in plants [76]. These subunits (PsbU/PsbV
and PsbP/PsbQ) exert regulatory functions, e.g. the
Cl3 and/or Ca2 demand is enhanced in their ab-
sence (see [76^78] and references therein), but they
do not a¡ect the reaction coordinates of the oxida-
tion steps within the WOC [79].
4.3. Electronic con¢guration of the Si states
With respect to the electronic con¢guration of Si
two important questions have to be answered: (a) are
the oxidation steps of the Kok cycle metal or ligand
centered redox reactions and (b) are components
other than manganese and the substrate changing
their redox state?
In principle, a large arsenal of di¡erent spectro-
scopic techniques is available to address these prob-
lems (see [80]). However, there exist serious compli-
cations that will be brie£y discussed before
summarizing our current stage of knowledge. A fun-
damental problem is the dilemma that (for di¡erent
reasons of signal detectability) powerful tools which
provide information on the electronic con¢guration
of the manganese cluster (e.g. magnetic resonance,
spectroscopic methods) can be only applied at tem-
peratures far below the TF;i values listed in Table 2.
Therefore, the data obtained with these techniques
re£ect the nature of the Si states in a functionally
competent WOC only if the distribution of electron
density among the individual manganese centers and
between ligand(s) and metal, as well as the nuclear
geometry, remains essentially invariant in the wide
range from liquid helium up to room temperature.
This most critical question, raised in a former review
[67], has never been satisfactorily answered.
Optical spectroscopy permits measurements at
room temperature. However, this method su¡ers
from low speci¢city giving rise to serious problems
of signal deconvolution [67,81]. It is therefore not
surprising that con£icting results are reported on
the shape of the di¡erence spectra for the redox tran-
sitions in the WOC [82,83]. Furthermore, these spec-
tra are rather broad and almost structureless so that
no unambiguous conclusions can be drawn on the
redox state of the manganese (for a discussion see
[84]).
Based on the data available from EPR and X-ray
spectroscopy (see [85^95] and references therein) and
taking into account a redox heterogeneity of the
manganese centers in the WOC (see Section 4.2)
the electronic con¢guration of the WOC in the di¡er-
ent Si states at low temperature can be summarized
as shown in Table 3. This data tacitly comprises the
widely accepted idea that only two manganese sym-
bolized by [Mna(n) Mnb(m)]WOC change their valence
state n and m during the Kok cycle while the other
two manganese [Mn(IV) Mn(IV)]c, remain ‘redox in-
ert’. The valence state Mn(IV) presented for [Mn(IV)
Mn(IV)]c is the most likely con¢guration [85,92,
95,97,98]. A di¡erentiation between [Mna(n) Mnb-
(m)]WOC and [Mn(IV) Mn(IV)]c is based on spec-
troscopic studies that do not permit an assignment
to individual metal centers of the manganese cluster.
Recent theoretical studies raised the possibility that
only one manganese changes its oxidation state dur-
ing the turnover of the Kok cycle [96]. If this is really
the case, the functional state of Mn has to be sym-
bolized by [Mn(n)]WOC[Mn3]c where [Mn(n)]WOC rep-
resents the single ‘redox active’ manganese and
[Mn3]c the three ‘redox inert’ manganese centers.
This unresolved speci¢c problem, however, does
not a¡ect the general conclusion about a functional
heterogeneity of the manganese within the WOC
[34,67].
An inspection of the data of Table 3 and their
extrapolation to physiological temperatures indicates
that the oxidation steps S0CS1 and S1CS2 of the
WOC are most likely metal centered redox reactions.
On the other hand, the nature of the S2CS3 transi-
tion is still a matter of controversy even with respect
to the electronic con¢guration of S3 at low temper-
atures. X-ray spectroscopic studies of the manganese
K-edge of samples where the Kok cycle is driven by a
Table 3
Electronic con¢guration of redox states Si in the WOC
Redox
state Si
Electronic con¢guration
S0 L[Mn(II) Mn(III)]
86ÿ88
WOC [Mn(IV) Mn(IV)]C
S1 L[Mn(III) Mn(III)]
89;90
WOC [Mn(IV) Mn(IV)]C
S2 L[Mn(III) Mn(IV)]
91;92
WOC [Mn(IV) Mn(IV)]C
S3 Lox[Mn(III) Mn(IV)]
95
WOC [Mn(IV) Mn(IV)]C or
L[Mn(IV) Mn(IV)]93;94WOC [Mn(IV) Mn(IV)]C
L is a redox active ligand that changes its oxidation state dur-
ing S2CS3 transition.
For the sake of simplicity protolytic reactions are omitted.
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train of single turnover £ashes led to con£icting con-
clusions among di¡erent research groups (see [46]
and references therein). A key point of these analyses
is the extraction of pure Si state XANES spectra
from linear combinations of the experimental data
gathered from measurements with samples that
were preilluminated with short saturating £ashes at
physiological temperatures, i.e. su⁄ciently above TF;i
(see Table 2). Therefore, reliable conclusions can
only be drawn if the probabilities of misses and dou-
ble hits are determined precisely enough by an inde-
pendent method in the same samples that are used
for X-ray absorption spectroscopy (XAS) measure-
ments. Recently, detailed X-ray spectroscopic studies
were performed that carefully address the problem of
data deconvolution into Si state speci¢c spectra. This
study strongly favors a ligand rather than a metal
oxidation in S3 [95]. Accordingly, questions arise
on the nature of the redox active ligand. At present
no concrete evidence is available for a ligand other
than the substrate (H2O, OH3) being oxidized in any
Si state of a fully competent WOC during the normal
Kok cycle (for further details see [84]). Recent reso-
nance Raman data suggest that substrate ligation al-
ready occurs in S1 [99]. Former ENDOR studies re-
vealed that the substrate (H2O or OH3) directly
coordinates to manganese in S2 [100]. Therefore, it
seems reasonable to assume that the S2CS3 transi-
tion leads to oxidation of the substrate bound to
manganese as will be further outlined in Section
5.3. However, the possibility of transiently formed
radicals outside the ¢rst coordination sphere acting
as electron transfer linkers cannot be excluded [84].
5. Mechanism of photosynthetic water oxidation
In general the oxidative formation of molecular
oxygen from two water molecules requires the break-
age of four O^H c bonds and simultaneously the
formation of c and Z bonds between two oxygen
atoms. This consideration reveals that a suitable cou-
pling between electron and proton transfer processes
is essential for water oxidation. Based on a compar-
ison with enzymes that are involved in activating
molecular oxygen for oxidative reactions, Babcock
et al. proposed that the oxidized neutral radical
form YZ acts as a hydrogen atom abstractor from
the substrate coordinated to manganese [55,101,102].
The mechanistic details of this attractive hypothesis
are still a matter of debate and it is therefore neces-
sary to discuss primarily the mode of formation of
the YZ radical and secondly its reaction with the
WOC before addressing key mechanistic problems
of O^O bond formation within the Kok cycle.
5.1. Coupling of electron and proton transfer in
YZ oxidation by P680
+
The reduction of P680 was found to be multi-
phasic with kinetics in the ns and Ws time domain
[22,23,103]. This pattern depends on the redox state
Si of the WOC. After destruction of the WOC the
electron transfer from YZ to P680 is dominated by
pH dependent kinetics with a lifetime of about 10 Ws
at neutral pH [104,105]. When YZ remains in its
oxidized form, YoxZ , a recombination reaction takes
place between P680 and Q3A within 100^200 Ws
[106,107]. The origin of the Ws kinetics in oxygen
evolving samples was a matter of controversial de-
bate (see [108,109] and references therein) and only
recently could a conclusive explanation be found
(vide infra).
An analysis of the ns kinetics of P680 reduction
after single £ash excitation of dark adapted PSII
membrane fragments revealed that this process re-
quires a rather low activation energy of about 10
kJ/mol. Based on this ¢nding the fast electron trans-
fer from YZ to P680 was proposed to be coupled
with the shift of a proton from the OH group of YZ
to a nearby base X probably within the double well
potential of a hydrogen bridge [23]. This original
model was fully con¢rmed by recent detailed studies
and base X identi¢ed as His 190 of polypeptide D1
(see [110] and references therein). A breakthrough in
understanding the Ws kinetics of P680 reduction by
YZ in PSII complexes with a fully competent WOC
was achieved by analyses of kinetic isotope exchange
(KIE) e¡ects. The ns kinetics remain virtually invar-
iant (KIE e¡ect 9 1.05) to replacement of exchange-
able protons by deuterons [111] whereas the Ws ki-
netics are markedly retarded in D2O samples
[108,109]. Concomitantly the oscillation pattern of
oxygen evolution becomes a¡ected through changes
of the probability of misses in the Si state advance-
ment [112]. These ¢ndings led to the conclusion that
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the overall process of P680 reduction by YZ com-
prises two types of processes [108,109]: (i) fast elec-
tron transfer in the ns range that is coupled with
proton transfer within the hydrogen bridge and
(ii) relaxation reactions within a HBN that give rise
to a shift of the ‘working’ redox equilibrium
P680YZ0P680YoxZ to the right side. Accordingly,
the formation of YoxZ in PSII with intact WOC can be
summarized by Scheme 1, where YoxZ is the tyrosyl
radical plus a proton that is more localized in the
initial state and further delocalized in the relaxed
state of the HBN, and Xi represents the members
of the HBN in addition to His190, i.e. amino acid
residues and possibly water molecules in the protein
matrix. The structure of this (Xi)HBN remains to be
clari¢ed.
For more detailed mechanistic considerations it
has to be taken into account that the ns kinetics
are biphasic with a ‘fast’ and ‘slow’ component. A
recent detailed analysis of the ns kinetics in spinach
PSII core complexes with high oxygen evolution ca-
pacity revealed that both components of P680 re-
duction in the ns time domain exhibit small activa-
tion energies [113]. This ¢nding together with the
absence of a KIE e¡ect [111] leads to the conclusion
that the ‘slow’ phase of ns kinetics is due to a ‘dielec-
tric’ relaxation in the microenvironment that does
not involve a ‘large scale’ proton shift [113] in
marked contrast to the proposed changes within
HBN responsible for the reaction(s) in the Ws time
domain [108,109]. Accordingly, the complex kinetic
pattern of P680 reduction by YZ can be summa-
rized by Scheme 1A where in state ‘relaxed, 1’ the
HBN attains essentially (Xi)HBN; initial, while ‘relaxed,
2’ corresponds with (HXi)HBN; relaxed in Scheme 1. It
has to be emphasized that e¡ects due to ‘dielectric’
and ‘large scale’ protein relaxation cannot be sepa-
rated in a strict sense because any proton shift within
a protein also a¡ects the local dielectric properties.
The di¡erent terms have to be considered as opera-
tional terms that are used to describe the contribu-
tion and extent of proton displacement giving rise to
two di¡erent KIE e¡ects on the overall multiphasic
kinetics of P680 reduction.
The ‘fast’ ns kinetics of P680 reduction is limited
by electron transfer and can be consistently described
by the Marcus theory of nonlinear electron transport
[114] with a reorganization energy of V0.5 eV and a
van der Waals distance of about 10 Aî between
P680 and YZ [11]. This original conclusion of
[11] is fully supported by a recent report [115]. The
reaction pattern drastically changes after destruction
of the WOC. In this case the electron transfer ki-
netics are highly retarded [104,105], the activation
energy increases by a factor of 3^4 [11,116,117], the
KIE e¡ect attains values of 2^3 [117^119], and YZ
oxidation is stoichiometrically coupled with H re-
lease into the bulk phase [120]. Data evaluation
shows that the van der Waals distance between
P680 and YZ remains una¡ected but the reorgan-
ization energy drastically increases to 1.6 eV [11].
This latter value is in excellent agreement with recent
data reported for the electron transport from tyro-
sine to the triplet state of Pd(II) porphyrin in a polar
medium [121].
Scheme 1.
Scheme 1A.
BBABIO 44980 1-12-00
G. Renger / Biochimica et Biophysica Acta 1503 (2001) 210^228 219
From the above mentioned results it can be in-
ferred that in PSII with intact WOC the microenvir-
onment of YZ is almost free of water and the OH-
group ‘¢xed’ via hydrogen bond to His190 while
after manganese depletion this bridge is severely dis-
torted and the tyrosine ring surrounded by several
water molecules. This conclusion perfectly corre-
sponds with a recent proposal [55].
The spatial extension of the HBN (Xi)HBN is of
mechanistic relevance. In the hydrogen abstractor
model the HBN is postulated to establish a pathway
for rapid proton transport from YoxZ into the bulk
phase [55,101]. Recent calculation on the energetics
of YoxZ formation within the framework of a simple
Born model are in line with this idea [115]. Other
proposals [108,112,122] favor proton capture in a
more localized domain mainly based on measure-
ments of proton transport and absorption changes
assigned to local electrochromic band shifts (see
[122,123] and references therein). At this point it
has to be mentioned that estimations of the ‘Born
penalty’ of a proton (as a positive charge) in proteins
require detailed analyses. Energetic calculations
based on too simple continuum models of electro-
static interaction can lead to misleading results as
recently illustrated for the e¡ect of charged groups
on the pKa value of an amino acid residue in pro-
teins. It was found that hydrogen bridges can play a
key role in shifting pKa values rather than ‘long
range’ electrostatic e¡ects [124].
For the in£uence of the protein matrix on the elec-
tron transfer from YZ to P680 an additional e¡ect
is of relevance. It was found that after a very mild
trypsin treatment leaving the oxygen evolution ca-
pacity largely intact, the extent of Ws components
in the P680 reduction kinetics becomes markedly
enhanced [125,126]. This e¡ect is stimulated by £ash
illumination [127]. A large fraction of the ns kinetics
is restored by addition of Ca2 in a speci¢c manner
including two sites with a⁄nities [125,126] that
closely resemble those for reactivation of oxygen
evolution in Ca2 depleted samples [128]. Recent ex-
periments performed with Ca2 depleted PSII core
complexes con¢rmed the basic conclusion of Ca2
e¡ects on the P680 reduction kinetics [113,129].
Accordingly, the single Ca2 cofactor of the WOC
was inferred to a¡ect via tuning of pKa values the
hydrogen bonding required for the electron transfer
from YZ to P680 in the ns time domain [129].
However, it has to be emphasized that the mode of
Ca2 interaction with the HBN is not necessarily
restricted to only this cofactor of the WOC because
the structure of proteins can be generally a¡ected by
Ca2.
With respect to the mechanism of YoxZ formation
another important problem has to be mentioned. So
far almost all considerations are restricted to the
D1/D2 heterodimer. However, recent data obtained
in a reconstitution assay of PSII complexes led to the
conclusion that the PSII-L protein is necessary for
YoxZ formation and in particular the interaction of
tyrosine 34 of this subunit with YZ and/or P680
[130]. Although results of reconstitution experiments
(like those obtained with mutants) have to be con-
sidered with care it seems worth taking these data
into account when discussing the reaction pattern
of YZ.
5.2. Reaction of YoxZ with the manganese cluster and
substrate of the WOC
Regardless of the details of the structure and spa-
tial extension of (Xi)HBN it seems clear that YoxZ in its
neutral radical form YZ acts as oxidant for the Si
state transitions. This species is a strong acceptor
for both an electron and a proton. Therefore, three
general mechanistic questions arise: (i) is the electron
and proton transfer a consecutive or strongly
coupled process?, (ii) which components are in-
volved? and (iii) what is the pathway of electron
and proton transfer in each redox transition within
the Kok cycle?
Before addressing these problems, some charac-
teristic features of the reactions YoxZ SiC
YZSi134N i3 +Ni3O2+niH

lumen will be brie£y summa-
rized. At ¢rst, all steps for i = 0, T, 3 (Ni3 = 1 for
i = 3, otherwise zero) can be satisfactorily described
by monoexponentials in marked contrast to the mul-
tiphasic kinetics of YoxZ formation (see Table 1). The
activation energies EA depend on the redox state Si
of the WOC [26,131,132] as shown by the data com-
piled in Table 2. Comparatively small values are
found for oxidation of S0 and S1, while EA increases
by a factor of three for the transition S2CS3. The
oxidation of S3 exhibits a marked change at a char-
acteristic temperature TC. For all transitions KIE
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e¡ects in the range of 1.2^2.5 are reported with
a slight dependence on the sample type [117,132^
134].
Calculations of the ‘energy penalty’ for the gener-
ation of charge in a protein environment of low di-
electric constant suggest that electron and proton
transport are not sequential processes but take place
in a concerted reaction [115] as postulated for the
hydrogen abstractor model where YZ is assumed to
accept a hydrogen directly from substrate (H2O,
OH3) coordinated to manganese [55,101]. In this
case YZ would be a member of the second coordina-
tion sphere and therefore part of the WOC. Accord-
ingly, the distance between YZ and manganese
should be short enough.
Measurements of EPR signals ascribed to YoxZ S2 in
samples with a modi¢ed WOC and ¢t of the exper-
imental data to models of magnetic interaction result
in distances between the spin centers of YoxZ and S2 of
8^10 Aî [9,10,135]. These values are reconcilable with
a direct interaction of YZ with ligand water (H2O,
OH3) of the manganese if the spin state is suitably
located within the tetranuclear cluster. On the other
hand, when taking into account that S0CS1 and
S1CS2 are metal centered oxidation steps while the
other two transitions include electron abstraction
from ligands, it appears attractive to consider mech-
anisms that involve proton shifts within di¡erent
HBN(s). This concept implies that the WOC is a
supermolecule including the protein matrix as an ac-
tive part not only restricted to YZ as redox active
component but also in establishing a HBN for mod-
ulation of the substrate reactivity and directed pro-
ton transport. In this sense a ‘branched hydrogen
abstractor chain’ model is proposed. Basically, two
di¡erent modes of reaction pathways can be consid-
ered as shown in Scheme 2 (electron and hydrogen
atom transfer are symbolized by full-lined arrows
and proton transfer by dashed arrows).
In the mechanism in Scheme 2A the substrate
water (H2O, OH3) is connected with YZ via a chain
of hydrogen bonds (I1,I2, are the members of this
network) so that electron and proton transport occur
synchronously (H atom transfer) as an extension to
the original proposal of Babcock et al. [55,101]. In
this case the proton is released into the lumen prob-
ably via the HBN (Xi)HBN of Scheme 1. A basically
di¡erent mechanism is shown Scheme 2B, where elec-
tron and proton pathways are separated from each
other (Z1, Z2, T are the components of the hydrogen
bond chain that connects complexed substrate with
the lumen space). It has to be emphasized that the
oxidation steps of the WOC are triggered reactions
(vide infra). Accordingly, the mode of triggering de-
termines the details of the reaction pathway, espe-
cially whether an overall redox process occurs via
routes 2A or 2B. Both mechanisms are free from
the strict restriction on distances between YZ and
the manganese cluster that is an essential of the con-
ventional H-abstractor model [55, 101]. (It is impor-
tant to note that in mechanisms A and B the Mn(n)
and its associated H2O does not necessarily symbol-
Scheme 2.
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ize the same metal center and substrate molecule of
the tetranuclear manganese center.) In general, the
functional relevance of HBNs has been elucidated
for several redox enzymes, e.g. chains of amino
acid residues form essential arrays for the long range
radical state transfer in ribonucleotide reductase
[136,137] and a HBN (including water molecules
and an Asp residue) is an essential constituent for
hydride transfer in inosine 5P-monophosphate dehy-
drogenase [138]. The coupling of electron and proton
transport in photosynthesis is nicely illustrated for
reactions leading to UQH2 formation in the QB
pocket of reaction centers from anoxygenic bacteria,
i.e. the dynamics of a HBN (including water mole-
cules) are essential for the regulation of the electron
transfer that is kinetically limited by protonation
processes and/or conformational changes within the
protein matrix [139].
The concept of hydrogen abstraction via a chain of
carriers and the possibility of proton transfer
through alternative HBNs (see Scheme 2A,B) also
comprises the possibility that the Si state transitions
di¡er in their mode of coupling of electron and pro-
ton transfer. This idea (see also [140]) o¡ers an ex-
planation for strikingly di¡erent features of the stoi-
chiometry of proton release into the bulk phase
(symbolized by ni) observed for the reactions
YoxZ SiCYZSi134N i3 +niH
. In the case of i = 0 and
1 the values of n0 and n1 are dependent on pH and
the patterns vary in di¡erent sample types (see
[122,141] and references therein). On the other
hand, the stoichiometry of H release for the reac-
tion with i = 2 was always found to be close to a
value of n2 = 1.0 which is invariant to external pH
and di¡erent sample types [122,141]. Furthermore,
S3 formation is most likely ligand centered and com-
prises substrate oxidation (see Section 4.3). These
¢ndings suggest that di¡erent proton channels might
be used for electron/proton coupling (type A versus
type B mechanism in Scheme 2) and the HBNs in-
volved exhibit di¡erences in the susceptibility to en-
vironmental e¡ects. It is therefore assumed that the
metal centered oxidation steps S0CS1 and S1CS2
occur via a type B mechanism while the most critical
reaction S2CS3 takes place via a type A mechanism,
thereby providing a suitable tuning of the hydrogen
bonding in S3 that has been emphasized to play a key
role in O^O bond formation [34,142] (see Section
5.3). The oxidation of states S0 and S1 via mecha-
nism B could be limited in its rate either by electron
or proton transfer. An analysis of the temperature
dependence of the rate constants within the frame-
work of the Marcus theory [114] leads to reasonable
values of the reorganization energies (0.6^0.7 eV) but
distances between YZ and the redox active manga-
nese center(s) [11,79] that are signi¢cantly longer
(v 15 Aî ) than those gathered from magnetic reso-
nance measurements with samples lacking functional
competence in oxygen evolution [9,10,135]. The latter
values are in agreement with a recent X-ray crystallo-
graphic study [159]. At present the resolution is not
high enough to provide concrete data on the critical
distance between YZ and the manganese centers.
However, when relying on short distances of 7^8
Aî , the absolute values and weak temperature depen-
dence of the rate constants for transitions S0CS1
and S1CS2 indicate that these are triggered reac-
tions. It was recently shown that in the case of a
fast adiabatic trigger reaction preceding a compara-
tively slow nonadiabatic electron transfer step the
deviation between calculated and real distance de-
pends on the entropic change coupled with the for-
mer reaction [143]. The nature of this coupling in the
WOC remains to be clari¢ed.
Regardless of these details it is assumed that the
transitions S0CS1 and S1CS2 in the WOC are not
unique reactions with respect to the mechanism of
photosynthetic water oxidation. In marked contrast
to S1 and S2 the redox state S3 exhibits unusual
properties: (i) the MnmMn distances in the cluster
are signi¢cantly enlarged in S3 (see Section 4.1),
(ii) the reactivity of S3 towards small hydrophilic
reductants is largely diminished compared with S2
[144] whereas ADRY (acceleration of deactivation
reactions of the water splitting enzyme system) type
substances catalyze the decay of S2 and S3 with vir-
tually the same rate [145], (iii) the activation energy
for S3 formation is higher by a factor of about 3 than
for S1 and S2 (see Table 2) and the transition S2CS3
is speci¢cally a¡ected in Ca2 and Cl3 depleted sam-
ples (see [15] and references therein).
It is therefore concluded that the formation of S3
is a unique process and of central relevance for water
oxidation. The characteristics of this state and its
reaction with YZ will be discussed separately in Sec-
tion 5.3.
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5.3. Mechanism of photosynthetic water oxidation
The most critical step of water oxidation to mo-
lecular oxygen is the formation of a c bond between
the oxygen atoms of the two substrate molecules. It
has been postulated for a long time that this reaction
takes place in S3 leading to a peroxidic state [36,67]
with a binuclear manganese cluster as a template
[34,36,67]. The latter restriction, however, is an over-
simpli¢cation. Di¡erent lines of experimental evi-
dence suggest a more complex pattern: (a) H162 O/
H182 O experiments reveal that the two substrate mol-
ecules bound to S3 exhibit exchange rates that di¡er
by one order of magnitude and also in their temper-
ature dependence [146], (b) theoretical density func-
tional analyses on model complexes indicate that
water oxidation can occur at a single manganese
with the redox inert Ca2 as the second center of a
binuclear metal template [96,147] and (c) considera-
tions on the mechanism of manganese containing
peroxidase led to the conclusion that a symmetrically
bridged peroxide is probably prone to disruption of
the O^O bond by reduction to water whereas termi-
nally ligated peroxide can be oxidized to molecular
oxygen [148]. Based on these ¢ndings the peroxidic
state in S3 is assumed to be asymmetric. Further-
more, it is proposed that this peroxidic state is one
form of a redox isomerism equilibrium [34,84] as
illustrated in Fig. 2, top. A rapid equilibration be-
tween the two states S3(I) and S3(II) is fully consis-
tent with the H162 O/H
18
2 O exchange data [146] be-
cause the S3(I) state permits a fast replacement of
coordinated substrate.
Recently, the possibility has been discussed that in
S3 an oxy radical is formed within one of the di-W-
oxo bridges of [Mn2(III,IV)]WOC (see [95,98] and
references therein). This radical can be shifted to a
terminal position [160]. Regardless of the exact struc-
ture of this species, an oxy radical could be another
state of the above mentioned redox isomerism. In
this case the previously proposed equilibrium
[34,67,84] has to be extended. It can be summarized
in a simple form as:
HuOHvOMnim20
HzOOMnim10HxOOHyMnim 3
where u, v, x, y and z, are the protonation states of
the substrate, i = number of redox active manganese
(i = 1 or 2, see Section 4.3) and m is the total oxida-
tion state of [Mni] that is set to m = 0 for S1 as
reference state, the symbol (H2O)(Ob)[Mni]m1 is
an overall description because the oxy radical could
exist in di¡erent states [96,147,160]. It has to be
pointed out that shuttling between the di¡erent states
within the equilibrium does not violate the electro-
neutrality principle because charge balance is always
achieved by proton shift.
In a previous report it was emphasized that the
mode of hydrogen bonding via the protein matrix
is of central functional relevance for manganese
and substrate reactivity [34]. This idea is excellently
con¢rmed by a recent study where a Mn(III) oxo
species which is expected to be very reactive was syn-
thesized in a form of surprisingly high stability. The
clue for achieving this goal was the use of a urea
derived tripodal ligand that permits the formation
of su⁄ciently strong hydrogen bonding of the oxy
atom to NH groups [149]. This example not only
illustrates the inherent potential of regulation
through variation of hydrogen bond strength but it
Fig. 2. Schematic representation of the proposed redox isomer-
ism in state S3 of the WOC (top) and oxywater^hydrogen per-
oxide tautomerism (bottom). For the sake of simplicity in the
top part a possible oxyradical intermediate (see Eq. 3) is omit-
ted, center M can be either a second ‘redox active’ manganese
(see text) or another group for water coordination (e.g. Ca2).
Hydrogen bonding to the protein matrix is symbolized by dot-
ted lines, substrate coordination to the template by squares. In
the lower part X represents the template for oxywater and hy-
drogen peroxide without specifying X (see top part).
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also clearly shows that it can be misleading when
using too simple models as a basis for considerations
on the reaction mechanism in the WOC.
Apart from the redox isomerism another most im-
portant equilibrium has to be taken into account, i.e.
the tautomerism between oxywater and hydrogen
peroxide schematically summarized in Fig. 2, bot-
tom. This tautomerism is of general relevance in dif-
ferent oxidases that use O2 as substrate rather than
forming it as a product as in the unique reaction of
the WOC. Molecular dynamic simulations on the
role of conserved His and Arg residues in the distal
binding pocket of the peroxide bound complex of
horseradish peroxidase led to the conclusion that a
shift of this equilibrium towards the left side facili-
tates peroxide O^O bond cleavage [150]. It is there-
fore conceivable that an analogous tuning of this
equilibrium in the opposite direction is part of O^
O bond formation and its intermediary stabilization
within the WOC. This process is assumed to be tuned
via hydrogen bonding to the protein matrix (Fig. 2,
bottom). The idea of hydrogen bonding of substrate
is supported by the latest FTIR studies [151]. This
technique is a most promising tool for analyzing this
mechanistically very important problem.
As a resume¤ of the above mentioned considera-
tions and within the framework of former proposals
[34,67] the S3 state of the WOC is assumed to form a
dynamic equilibrium where the manganese cluster
and the coordinated substrate can attain the nuclear
geometry and electronic con¢guration of an asym-
metrically complexed peroxide. This form is postu-
lated to build up the ‘entatic’ state for the oxidation
to molecular oxygen [84,142]. The population of this
state in the overall equilibrium is most likely temper-
ature dependent. Therefore, the results of experi-
ments performed at liquid helium temperature may
only partially re£ect the mechanistic subtleties of a
functionally competent WOC. A recent XAS study
suggests that the dark stable state S1 might attain the
same electronic con¢guration and nuclear geometry
at 18 and 290 K [152]. This conclusion, however,
cannot be extrapolated to the properties of S3 be-
cause its formation requires structural £exibility as
illustrated by the relatively high TF;i value.
The hypothesis of a peroxidic ‘entatic’ state in S3
contrasts most of the currently proposed models
where the O^O bond formation is restricted to the
formal state S4. These models, however, are faced
with a kinetic problem. The reduction of YZ by S3
exhibits virtually the same kinetics as the release of
molecular oxygen [153]. Accordingly, as the forma-
tion of S4 cannot be faster than YZ reduction, the
whole reaction sequence postulated for S4 including
O^O bond formation, oxidation to molecular oxygen
and substrate/product exchange was inferred to take
place within a time domain of 6 50 Ws [153]. These
fast overall kinetics for a sequence of events with
signi¢cant nuclear rearrangements require a very spe-
cial mechanism that appears to be unlikely and there-
fore it has been proposed that S4 is only a ‘virtual’
state that actually represents YZS3 [133,153,154]. As
a consequence of these considerations the oxidation
of YZ leading to YZS3 is assumed to give rise to an
instantaneous shift of the redox isomerism equilibri-
um towards the peroxidic state in S3(II) (see Fig. 2,
top). As an extension of this hypothesis it is now
proposed that YZS3 formation also triggers a change
of hydrogen bond structure so that in the oxywa-
ter0hydrogen peroxide tautomerism equilibrium
the latter state is favored and therefore the O^O
bond stabilized (Fig. 2, bottom). In this ‘entatic’ state
the hydrogen abstraction by YZ causes an oxidant
induced reduction of the manganese cluster concom-
itant with the formation of molecular oxygen that
rapidly exchanges with substrate. This reaction was
assumed to be slightly endergonic in order to explain
the directionality of this process [36]. The latter goal
could also be achieved by structured pathways for
substrate and/or product transport as outlined in
[84]. In support of the above described mechanism
it was found that all mutations giving rise to a slow-
ing down of O2 formation (by up to one order of
magnitude) simultaneously lead to an almost coinci-
dentally retarded kinetics of YZ reduction [68,69]. As
a further consequence of this mechanism the overall
rate of hydrogen transfer to YZ in S3 depends also
on the value of the constants of the equilibria shown
in Fig. 2. Therefore the activation energies listed in
Table 2 for this reaction are only ‘true’ values if the
temperature dependence of the equilibria constants is
rather small. It remains to be clari¢ed if the break
point temperature Tc re£ects solely a change of the
activation energy or also indicates shifts of the redox
isomerism and tautomerism equilibria.
The product of water oxidation is the ground state
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34gO2. Accordingly, spin state transitions have to
occur. It has been shown by application of approx-
imate density functional theory that the mode of spin
coupling (antiferromagnetic versus ferromagnetic) of
manganese centers a¡ects the reactivity towards re-
ductive cleavage of the O^O c bond or oxidative
formation of a Z bond in peroxo bridged Mn(IV)
dimers [155]. The role of spin state for the reaction
pathway has also been emphasized in other theoret-
ical studies [96]. So far the tuning of this reaction is
unknown. Alternatively, carotenoid(s) closely associ-
ated with PSII might be involved in a pathway where
1vgO2 is originally formed and perfectly quenched to
34gO2 by carotenoid.
To summarize, it is inferred that the paradigm of
an enzyme consisting of functionally active cofac-
tor(s) and ‘inert’ apoprotein is a much too simple
concept to permit an understanding of the molecular
mechanism of photosynthetic water oxidation. Con-
sequently, the WOC is assumed to be a supermole-
cule that is especially tailored for its unique function.
In particular, the coupling of electron and proton
transport is tuned by the protein matrix via net-
work(s) of de¢nite hydrogen bonds and the dynamics
of this environment plays a key functional role. Like-
wise the possibility of proton tunneling has to be
taken into consideration (for a review see [156]).
The idea of special tuning of reaction coordinates
in the supramolecular WOC is in perfect agreement
with recent studies on the nature of enzymatic reac-
tions and their special features [157,158]. It has to be
emphasized that this new concept of a supermolecule
as functional entity is not a variant of the ‘Maxwell
demon’ that violates the second law of thermody-
namics but simply considers the WOC as an entity
with integral properties that cannot be fully under-
stood when taking only the sum of single parts.
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